[1] Intense, prolonged solar flare activity during March 1989 was used to provide a retrospective scenario for predictions of associated interplanetary shocks and accompanying particle radiation at planet Mars. Shocks from five major flares were simulated to hit both the Earth and Mars during the interval 9-23 March 1989. The simulated scenario was provided by the Hakamada-Akasofu-Fry version 2 (HAFv.2) solar wind model. Since part of the generally required inputs for the model (specifically metric radio Type II coronal shock speeds) were not available, the shock speeds were iteratively determined via a ''calibration'' that uses limited IMP 8 particle and sudden storm commencement (SSC) data as proxies for shock arrival at the Earth. The shocks from four major solar flares were, thereby, found to arrive at Mars at times that are appropriate to explain solar energetic particle (SEP) and energetic storm particle (ESP) events recorded in situ by the particle radiation detector experiments Solar Low Energy Detector (SLED) and Low Energy Telescope (LET) aboard Phobos-2. Supporting measurements were provided by the magnetometer (MAGMA) and plasma spectrometer (TAUS) experiments. A gap in the spacecraft records occurred at the simulated time of arrival of the fifth flare-associated shock. There were some uncertainties attending the selection of certain of the events deemed to be ''parent'' flares. Such uncertainty can be expected in view of the incomplete set of energetic particle, plasma, and magnetic field measurements made at relevant times at both the Earth and Mars (the latter planet was then located at a distance of 1.6 AU, at about 78°east of the Sun-Earth line). Use of the HAFv.2 solar wind model affords a 4-day lead time between predicted and measured space weather events at Mars, with an error of approximately ±12 hours. Solar radiation events of the magnitude studied occur often enough to warrant consideration in the design of both manned and unmanned expeditions to Mars.
Introduction
. All of these missions represent steps in an ongoing general reconnaissance of the planet that is expected to culminate in manned landings within the next several decades.
[3] In the light of this scenario it is relevant to consider energetic particle measurements already made aboard Phobos-2 (launched by the former Soviet Union from Baikonur on 12 July 1988) that reached Mars on 29 January 1989 and was initially transferred into a series of elliptical orbits. On 18 February the orbit was made circular and nearly the same as that of the Phobos Moon, although located at a somewhat higher altitude relative to the planet ($6145 km). Following two intermediate corrections on 7 March and 15 March, respectively, the spacecraft was transferred on 21 March to an orbit that was quasi-synchronous with Phobos. The next stage of the maneuvers was an attempt to arrive yet closer to Phobos to facilitate the deployment of two Landers. Unfortunately, on 27 March during associated onboard changes in pointing, radio contact with the spacecraft was lost [Sagdeev and Zakharov, 1989] .
[4] Two particle experiments, the Solar Low Energy Detector (SLED) and the Low Energy Telescope (LET) aboard Phobos-2, revealed that during the last 20 days of the mission, while the spacecraft was in circular orbit about Mars, it was enveloped in an intense field of energetic particle radiation punctuated by traveling interplanetary shocks. Representative data for the interval concerned from SLED in the energy ranges for protons 34-51 keV, 202 -609 keV, and 30-60 MeV and from LET in the ranges for protons 0.9-1.2 MeV, 3.8 -8.0 MeV, and 8.0-19.0 MeV will be discussed in section 5. This very long duration particle event which was, in particular, associated (see below) with the disk passage of a recurrently flaring active solar region (AR 5395), suggests that space weather conditions at Mars can pose a significant threat to both mission hardware and personnel. It is noted in this regard that from 19 October to 20 November 2003 [Dryer et al., 2004] , when the Mars Express spacecraft was already very close to the planet, it flew through an intense particle radiation environment. The star trackers showed related disturbances over several days (European Space Operations Center, private communication, 2004) . This radiation was associated with exceptional solar activity that marked the disk passage of three complex magnetic regions (NOAA 0484, 0486, and 0488) . Consideration should thus be given in future to providing space weather predictions for spacecraft in the Martian environment and also special attention should be paid to implications affecting design.
[5] In the present paper, shock arrival ''predictions'' were made using the (updated) Hakamada-Akasofu-Fry solar wind (HAFv.2) model of Fry et al. [2001 Fry et al. [ , 2003 . This model was run retrospectively to provide predictions (sometimes referred to as ''postdictions'') for the period 6 -27 March 1989, on the basis of published solar flare reports, limited IMP 8 data and geomagnetic data relevant to the period. The model results, thereby provided at the Earth, were next extended from the Earth to Mars, where they were tested against the actual arrival times of a number of shocks recorded in situ in energetic particle records obtained by the SLED and LET experiments on the Phobos-2 spacecraft (see section 2). Supplementary, contemporaneous information was provided by the magnetometer (MAGMA) and the plasma spectrometer (TAUS) experiments. Comparisons between the modeled and measured data indicate that the predictions of HAFv.2 yielded satisfactory estimates of shock arrival at Mars of the order of 4 days in advance of impact. Also, the arrival at Mars of energetic storm particle (ESP) peaks could be anticipated. We believe that the associations found are satisfactory despite uncertainties regarding some of the flares selected to provide initializing inputs to the model.
[6] Section 2 provides short descriptions of the SLED, LET, magnetometer (MAGMA/MAG), and plasma spectrometer (TAUS) instruments on Phobos-2. Section 3 outlines the HAFv.2 model and its required inputs. Section 4 describes the solar events deemed to act as progenitors of the particle and shock phenomena recorded by SLED and LET at the planet. Section 5 contains a discussion of the results obtained by comparing the simulated shocks with terrestrial and Martian responses to shock conditions. Sections 6 and 7 present a general discussion and conclusions, respectively.
SLED, LET, MAGMA, and TAUS Instruments
[7] The scientific instruments carried aboard Phobos-2 were designed to investigate various phenomena in both interplanetary space (during the $200 day cruise phase from the Earth to Mars) and in the close Martian environment. In the present paper, only data recorded by the energetic particle detectors SLED and LET, by the magnetometer experiment MAGMA/MAG, and by the plasma experiment TAUS, made while Phobos-2 was in circular orbit close to Mars between 6-27 March 1989, are considered.
[8] The detector system of SLED comprised two telescopes, each incorporating two silicon surface barrier detectors mounted coaxially. One telescope (T2) was protected by a thin Al-foil (500 mg cm À2 aluminum on mylar), the purpose of which was to prevent low-energy ions (<350 keV for protons; <8 MeV for oxygen ions) from reaching the detectors while permitting the passage of electrons. The second ''open'' telescope (T1) meanwhile recorded both ions and electrons above a threshold limited by detector noise. Count rate differences between the two telescopes allow ions and electrons to be distinguished following the method of Anderson et al. [1978] . The geometric factor of each telescope was 0.2 cm 2 sr and the field of view axis, with a 40°apex angle, was in the ecliptic plane at 55°to the west of the sunward direction (the nominal direction of the interplanetary magnetic field). The time resolution was 240 s. Table 1 lists the energy channels of Telescope 1. In the present paper, we consider only proton [1990] .
[9] The Low Energy Telescope (LET) experiment flown aboard Phobos-2 measured the flux, spectra, and elemental composition of nuclei from hydrogen up to iron in the energy range $1 to 75 MeV/nucleon using a double dE/dx versus E solid-state detector telescope. Five channels in the range 0.9-19 MeV were devoted to measuring protons; see Table 2 , and only these data are considered below. More detailed information is contained in the work of Marsden et al. [1990] .
[10] Abundance measurements made by LET during a shock event on 10 March (which is described in section 5) showed that within the energy range of LET, the seed population for several MeV/nucleon shock accelerated ions comprised ambient flare particles rather than solar wind ions [Marsden et al., 1990 [Marsden et al., , 1991 . This conforms with composition data obtained using LET during an earlier flare associated shock event at Mars on 19 December 1988 and also with an hypothesis advanced by Tan et al. [1989] .
[11] The three axes flux gate sensors of the magnetometer experiment MAGMA (Magnetic field near Mars) on Phobos-2 had a dynamic range of ±100 nT and a sampling rate of 20 vectors s
À1
. Data were transmitted every 1.5, 2.5, 45, and 600 s, depending on the telemetry mode of the spacecraft. The accuracy of the measurements was $0.2 nT. For a more detailed description, see Aydogar et al. [1989] .
[12] The TAUS instrument was designed to measure separately the energy per charge and angular spectra of three solar wind species (H + , He
2+
, and ''heavy ions'') in the $30 eV to 6 keV range, subdivided into 32 channels. The 40°Â 40°field of view was centered on the nominal direction toward the Sun and divided into 8 Â 8 channels to provide angular resolution. The sensitivity of the instrument was nearly constant over its entire field of view. For further information, see Rosenbauer et al. [1989a Rosenbauer et al. [ , 1989b .
HAFv.2 Numerical Solar Wind Model

General Description
[13] As is well known, the solar wind emerges from open field regions in the solar corona (coronal holes). The divergence of the magnetic flux in these open field regions controls the ambient solar wind speed at the Earth. Relatively slow-speed streams show a greater divergence of magnetic flux than is the case for higher-speed streams [Levine et al., 1977; Wang et al., , 1997 Hakamada and Akasofu, 1982; Hakamada and Kojima, 1999] .
[14] As the Sun rotates, regions of lesser and greater divergence sweep past the Earth and, associatively, faster and slower solar wind streams flow out along the Sun-Earth line. Stream-stream interaction subsequently occurs and must be taken into account when quantitative predictions of solar wind conditions in interplanetary space are made. The HAFv.2 model takes these compression and expansion processes into account by starting from a fictitious source surface (2.5 solar radii). See below, and also Arge and Pizzo [2000] for the method used to determine the nonhomogeneous, ''quiet'' background solar wind plasma and interplanetary magnetic field (IMF).
[15] Velocity is computed from the positions of fluid parcels at successive time steps. The magnetic field vector is determined having regard to magnetic flux conservation and the frozen field condition while density is estimated through the corresponding conservation of mass flux. If the computed velocity gradients are sufficiently steep to form a corotating interaction region (CIR), the algorithms allow for the establishment of forward and reverse shocks.
[16] The HAFv.2 model also operates in an ''event'' mode when real-time solar flare information (spacecraft and ground-based) is available through the National Oceanic and Atmospheric Administration (NOAA) and the United States Air Force (USAF) operational groups. In the present case, archival data from the NOAA National Geophysical Data Center (NGDC) are used in an approximated ''real-time'' scenario. Substantial magnetic energy is released in association with solar flare events accompanied by Coronal Mass Ejections (CMEs). Particles accelerated to high energies by CME-related shocks display characteristic, gradually rising time-intensity profiles as observed by spacecraft in the interplanetary medium. Many workers have described this phenomenon with increasing understanding (see, for example, the review by Reames [1999] ). If the shocks that generate such ''gradual'' solar energetic particle (SEP) events are sufficiently energetic and their propagation direction appropriate, these particles can reach the Earth. Occasionally, the arrival of a shock at a spacecraft is accompanied by a particle intensity enhancement known as an energetic storm particle (ESP) event [Bryant et al., 1962] . A sudden storm commencement (SSC) recorded in magnetic field data provides with 80-90% probability [Smith et al., 1986] a clear indication of the arrival of such a shock at the Earth, as well as of the southward turning of the interplanetary magnetic field (IMF), when this component has sufficient magnitude to be of significance.
[17] HAFv.2 can provide the solar wind speed, density, dynamic pressure, and IMF vector associated with grid points in the heliosphere during both its ''quiet'' and ''event'' modes. We will not consider the southward component, Bz, in this paper. Solar and planetary ephemeris algorithms appropriate to lining up the solar observations in the heliospheric-solar ecliptic coordinate frame can be adopted to locate the Earth, and also any other planet or spacecraft, therein. Details of the procedure are provided in the work of Fry et al. [2001 Fry et al. [ , 2003 .
Inputs to the HAFv.2 Model 3.2.1. Coronal Magnetic Field
[18] The model accepts data based on maps of the coronal magnetic field derived from a potential field spherical harmonic expansion of photospheric, line-of-sight, magnetogram data. In the case of the events analyzed in the present paper, synoptic maps on a representative source surface at 2.5 solar radii (Rs) were provided by the Stanford Wilcox Solar Observatory and utilized following the method of Hoeksema [1984] .
Solar Wind Speed
[19] Velocity at the source surface at 2.5 Rs was computed using the Wang-Sheeley algorithm [Wang et al., , 1997 . See, also, Arge and Pizzo [2000] . The disturbance source was, in each case, represented by a velocity enhance-ment localized in time and space. In this connection the event location, peak speed, and temporal profile were based on coincident (to within 0.5 hours) optical, radio and X-ray observations.
Source Location
[20] To establish the start times and locations of individual events in heliolatitude and heliolongitude in a Suncentered coordinate system, solar flare observations made by global, ground-based observatories and already published by NOAA-NGDC in Solar Geophysical Data (Comprehensive Reports), were utilized.
Shock Speed
[21] Coronal shock speeds (Vs) are normally derived from metric Type II radio frequency drift rates (downward in frequency) as a function of time. Although Type II bursts were reported in association with several flares in the sample analyzed here, the corresponding shock speeds were not quoted in the above-mentioned archives. For the present simulations of these events, the speed was, instead, derived by matching the SSC onset times at the Earth (equivalent to shock arrival times) with the HAFv.2 model shocks (see the discussion below and in section 5). 
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Shock Driving Time
[22] The temporal profile of the shock speed at the solar source is governed by a time constant which is the difference between the rise time of the integrated X-ray flux (in the 1 -8 Angstrom channel on GOES-7) and the time of its decrease, measured on a logarithmic flux scale at a level set at half the distance from the preevent background level to the peak. This temporal duration, tau, is taken to be a proxy for the piston-driving time of the low coronal shock. The plasma speed rises exponentially to an assumed maximum Vs (the Type II drift speed or its equivalent), and, thereafter, falls to a final decayed value corresponding to the background solar wind speed [Hakamada and Akasofu, 1982; Akasofu, 2000] .
Solar Events
[23] Figure 1 shows IMP 8 data from 6 -27 March 1989. The uppermost panel displays the low-energy proton flux in three energy ranges (0.29 MeV up to 96 MeV from the Charged Particle Measurement Experiment (CPME) on board IMP 8 [Sarris et al., 1976] . The next three panels provide plasma velocity (Vsw), density (N), and total magnetic field magnitude (B). The vertical, gray-shaded regions define periods when IMP 8 transited the magnetosphere. The ''magnetically shielded'' data measured during these latter intervals should be cautiously considered within the present context. The last panel includes the Dst response that dramatized a well-studied geomagnetic storm on 13-14 March 1989.
[24] Six arrows on the time line of the energetic particle panel in Figure 1 indicate the onset of flares (I -VI) considered to initiate traveling shocks. Five black triangles on top of this panel indicate the simulated arrival times at the Earth of those five shocks with which we will be concerned in the present paper. The sixth flare and its consequences will be discussed later in the context of Mars. See also Table 3 .
[25] Before describing the solar events, we should point out that a well-connected flare on 5 March at 2356 UT, located at S20W61 (Class C5.2/SF), may have been responsible for the gradual particle enhancement and ESP at 1600 UT on 8 March, the latter, indicated by the dashed 4vertical line in Figure 1 . Also, the source of a later shock on 9 March, the arrival of which is indicated by the first black triangle in Figure 1 , is likely to have been the flare designated to be Event 1 in Table 3 that commenced at 1352 UT on 6 March at N35E69 (Class X15/3B). While the flare of 5 March is also a candidate progenitor for this latter shock, we tend to favor its association with the more energetic flare on 6 March, which would not, because of its disk location, be expected to have produced the preceding gradual particle enhancement and ESP. We will not be further concerned with the shock recorded on 8 March.
[26] To cover the interval of IMP 8's immersion in the magnetosphere, we used an SSC at 1900 UT on 9 March as a proxy for the arrival at the Earth of Shock 1 from Flare I (indicated by the first black triangle at the top of Figure 1) . Similarly, an SSC at 1600 UT on 10 March provided a proxy for the arrival at the Earth of Shock 2 (from II). The eastern location of Event II (E40) rendered it also unlikely to have produced a gradual SEP, and none was observed. We used this SSC information, plus the gradual enhancement and ESP between the first pair of (continuous) vertical lines in Figure 1 , as a proxy for the arrival of Shock 3 (from III).
[27] When IMP 8 emerged once again into the solar wind, there were a number of data gaps. In this situation, an SSC at 0200 UT on 19 March was taken as a proxy for the arrival of Shock 4 (from IV), as indicated by the next continuous vertical line in Figure 1 . On this occasion, the particle (0.29 to 0.50 MeV) gradual enhancement, followed by an increase of Vsw and B to $800 km/s and $20 nT, respectively, which can be inferred from the data, support this interpretation. Unfortunately, IMP 8 reentered the magnetosphere about a day after Event 5's initiating flare. Thus we again used an SSC (at 1200 UT on 23 March) as a proxy for the arrival of Shock 5 that, as will be shown below, interacted with Shock 4 before arriving at Mars. As will be discussed at the end of section 5, the shock from Event VI was not included in the simulations.
[28] Overall, the model input shock speeds for the HAFv.2 solar wind model were determined on the basis of the information discussed above. Shock arrivals were inferred at Mars (see section 5) through the in situ recording of several SEP and ESP events and of characteristic magnetometer and solar wind signatures.
[29] In March 1989, Phobos-2 in its circular equatorial orbit at an altitude of $2 Martian radii, was located approximately 74°-82°to the east of the Earth at a heliocentric distance of $1.6 AU [Marsden et al., 1991] . It should be noted that our Event I is the same flare as the first in a series referenced in Figure 4 in the paper of the above-mentioned authors. We considered here neither their second flare (an M4 on 8 March) nor their fourth flare (1N, at E18 on 11 March) because no associated metric Type II shocks were reported that might have provided guidance for our HAFv.2 initialization procedure. Their other flares are included here as Events III, IV, and VI on the basis of the Earth-based responses discussed above. The reader is reminded that the present ''prediction scenario'' is motivated by the potential to forecast shocks at The Dst index reached $À125 nT on 9 March and this, together with an accompanying SI, we relate to the arrival of a shock associated with Event I. See, also, Figure 2 . Similarly, the Dst index reached $À100 nT on 10 March and this, together with an accompanying SI, we attribute to the arrival of a shock associated with Event II.
Mars based on solar observations made from the Earth or at L1.
Comparison of Simulated With Measured Shock Data
[30] The interval of interest for analysis (6 -27 March 1989) occurred during the rising phase of Solar Cycle 22 and was marked by a high level of solar activity. Only the most outstanding of the flares that occurred in this interval (designated in Table 3 as events I -VI) are considered below. These events started with an X15/3B flare on 6 March 1989, shortly after the east limb passage of a highly active region at approximately N35°. Flare locations and their dates/start times are listed in columns 2 and 3, followed by their classifications in column 4. Initializing shock speeds for the HAFv.2 model, see the above discussion, are given in column 5. The assumed piston-driving times, tau, are contained in column 6. The last column (7) lists the SSC dates/times that were used to determine, via Figure 2 . Hakamada-Akasofu-Fry version 2 (HAFv.2) simulated solar wind parameters (speed, density, and dynamic pressure) at Earth during the period 8 -28 March 1989. Also simulated is the shock searching index (SSI) that is the logarithm (base 10) of the running, normalized, dynamic pressure difference. A shock is indicated [Fry et al., 2003 ] when SSI > À0.35. The geomagnetic index, Dst, is also shown (bottom). The vertical lines represent the arrivals at Earth of simulated shocks 1 -5 (S1-S5). modeling iteration, the shock speeds listed in the fifth column.
[31] Figure 2 provides the HAFv.2 simulated solar wind parameters (speed, density, dynamic pressure), the SSI index measured at L1, and the geomagnetic index Dst during the interval 8 -28 March. The SSI index (shock searching index) is a logarithmic (base 10), normalized dynamic pressure ratio that is used [Fry et al., 2001 [Fry et al., , 2003 ] to locate shocks in the simulations. These solar wind data show a sequence of well-defined events that (see below) are associated with shock arrivals at the Earth and at Mars. The measured planetary events at Mars will be shown to match events recorded at the Earth (Table 3 , column 7) to a highly satisfactory degree.
[32] Figure 3 presents a sequence of HAFv.2 simulations made in the ecliptic plane from 8 March at 1200 UT until 
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23 March 1989 at 1200 UT. Each frame is separated in time by 24 hours (with one exception noted below). Also, there is a 48-hour cadence in the presentation from 13-15 March, from which the reader can easily infer the propagation history without closer time resolution. IMF lines are shown in red (away sectors) and blue (toward sectors) representing solar wind streams emanating from open coronal magnetic field regions. The Sun is located at the origin of the heliospheric-equatorial coordinate system. The Earth and Mars are indicated by small black dots. The shocks emanating from solar events I to V will be referred to, respectively, as Shocks 1, 2, etc., in the following paragraphs. It is noted that the simulated shocks individually arrived at the Earth at times suitable for the initiation of the geomagnetic events listed in Table 3 . Note in Figure 3 that the two lower-left panels are for 0000 UT and 1200 UT on 22 March in order to indicate the simulated, complex interaction of Shocks 4 and 5 as they moved toward Mars.
Shock 4, having sufficient energy, is indicated to have refracted around the Sun and reformed, thereafter continuing outward until it was overtaken by Shock 5.
[33] Figure 4 shows the simulated solar wind parameters at Mars, namely (as in Figure 2) , speed, density, dynamic pressure, and the SSI index covering the interval 8 -28 March 1989. Note that the peaks displayed correspond to Shocks 1 -5 as they arrived at Mars, as depicted in the ecliptic plane plots in Figure 3 .
[34] Figure 5 shows, from top to bottom, proton density (Np) and velocity (Vp) measured by the TAUS experiment; complementary magnetic data from MAGMA/MAG and proton fluxes recorded over three energy channels (0.9 -19 MeV) by the LET instrument and three energy channels (34 keV to 60 MeV) by the SLED instrument from 6 to 27 March 1989 (when radio contact with Phobos-2 was lost).
[35] The particle data presented in this figure are not averaged and each measured point is shown (every 4 min for SLED and every 20 min for LET). In order to measure directional characteristics of the particle fluxes, the LET sensor was mounted on a rotating platform. The full rotation range of the platform (175°) was adjusted so that at its extreme positions, the sensor axis was oriented close to the average direction of the interplanetary magnetic field. This range was divided into steps of 44°, data accumulation occurring for a fixed period of time at each of the five positions. The scan cycle was 20 min. A search by the present authors for angular variations in the LET channels Figure 5 . Solar wind, magnetic field data, and energetic particle fluxes recorded by the plasma spectrometer experiment TAUS, the magnetometer experiment MAGMA/MAG, and the low energy particle telescopes LET and SLED aboard Phobos-2 during March 1989, respectively. The vertical lines represent the arrivals of actual and simulated shocks as labeled at the top of the figure. P1 and P5 are shocks identified in the data. The short bars beneath P2 and P3 indicate a shock arrival time uncertainty. S1-S5 are modeled shocks taken from Figure 4 .
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showed that during the period considered, the particle fluxes were practically isotropic (the maximum flux variation with angular position of the rotating platform did not exceed a factor of three).
[36] As was already noted in section 1, the Phobos-2 spacecraft during the period considered was cycling around the planet in a circular orbit at an altitude of $6145 km every 8 hours. It was, in consequence, alternately in the solar wind and inside the Martian bow shock. The solar wind data (two upper panels of Figure 5 ) present only those measurements obtained when the spacecraft was outside the influence of Mars as a planetary obstacle (thus there are periodic gaps in the record). The data provided indicate the external solar wind conditions. The particle data (LET and SLED) and the total magnetic field data (MAGMA) are presented as they were measured along the Phobos-2 orbit. Note that some gaps in the solar wind and particle records represent times when the payload was switched off due to operational maneuvers. The cyclic motion is reflected by the associated occurrence of periodic structures in the magnetic field record (most clearly seen during ''quiet'' periods labeled ''c'' in the MAGMA panel). In the particle fluxes, two complementary structures are seen. The first is a sequence of narrow drops due to shadowing by the planet body (some of these are labeled ''b''), and the second is a series of sharp increases due to the acceleration of particles as the spacecraft traversed the Martian bow shock (some of these are labeled ''a''). See also McKenna-Lawlor et al. [1992] and Afonin et al. [1991] .
[37] From the solar wind data and the magnetic field data, five excellent Phobos-2 shock candidates have been clearly identified with high temporal accuracy (labeled P1-P5 in the upper panel of Figure 5 ). Owing to the data gaps, the exact commencement times of events P2 and P3 are difficult to determine (shown in these cases are short thick lines below the P2 and P3 labels). In the case of P2, the time uncertainty is rather small. In the case of P3 the time uncertainty is large but, for exact timing (vertical thin lines), the wide maximum seen in the first two SLED channels at the end of 11 March was utilized. The first half of this ''pulse'' which was inside the Martian magnetosphere was unusually large as compared with what was recorded in other orbits. The second half of the ''pulse'' was in the undisturbed solar wind. Therefore we believe that the vertical thin line provides, in this case, the exact time of the P3 event.
[38] To facilitate comparison with the model data, S1-S5 labels are provided in Figure 5 to indicate the arrival times of the modeled shocks (taken from Figure 4) .
[39] From Figures 2 and 3 , the simulated western flank of what we call Shock 1, emanating from either the flare of 5 March at 2356 UT or the flare of 6 March at 1352 UT (see section 4), reached the Earth at 1900 UT on 9 March and Mars at 0000 UT on 10 March (S1). The measured particle fluxes at Mars associated with this event rose significantly as a gradual SEP on 6 March (see Figure 5 ) followed by an ESP (34 -51 keV and 202 -609 keV) late on 9 March associated with the actual arrival of the shock. An increase in the IMF from about 5 to 10 nT, as well as clear density and velocity jumps just before 0000 UT on 10 March (Figure 5 ), are also strongly suggestive of actual shock arrival. See also the simulated enhancements in the solar wind parameters presented in Figure 4 . This association between the simulated and actual shock arrivals appears to be satisfactory.
[40] An M7.6/2N flare occurred in the same solar active region on 9 March (Event II) as the flare of 6 March. Figure 3 shows the propagation of Shock 2 until it reached the Earth late on 10 March. Figure 3 , as well as Figure 4 , shows the predicted arrival of Shock 2 at Mars at midday on 11 March. This result compares well with in situ low-energy (34 -51 keV and 202 -609 keV) particle flux enhancements (an ESP) recorded at this time by the SLED experiment and labeled P3 in Figure 5 . Note that 30-60 MeV proton intensities increased late on 10 March as a result of the occurrence of Flare III on the Sun. An earlier shock enhancement P2 occurred at $1800 UT on 10 March. There is a short gap in the plasma data on 11 March but the associated solar wind speed is seen to have increased considerably (to nearly 1000 km/s) after this gap. It can be argued on the basis of the solar wind velocity and the particle increases described, that P3 is a superior candidate for denoting shock arrival from Event II than P2. If this is correct, one would have to speculate, within the observational context, that P2 was actually a shock that traveled within earlier complex flow behind P1 (or, equivalently, behind simulated S1). This speculation may be supported by the reformation of the CIR indicated in Figure 3 (upper row of panels).
[41] On 10 March, an X4/3B flare occurred, again in the same active region (Table 3 , Event III). Figure 3 shows the simulated development of its associated Shock 3. This shock is estimated to have reached the Earth on 13 March at 0100 UT and may have been responsible for a sudden impulse (SI) recorded at 0100 UT. Shock 3 is predicted (Figure 3 and Figure 4 ) to arrive late on 14 March at Mars. The arrival of this simulated shock occurred during a break in the particle record due to spacecraft maneuvers, thereby preventing any data/simulation comparison.
[42] The next flare in the sequence (Event IV), classified as X6/2B, which was again sited in the same active region, took place on 17 March. The simulation of Shock 4 in Figure 3 shows that it reached the Earth early on 19 March ($02.00 UT) where it was, apparently, responsible for an SI at 0200 UT. Note, however, that two other flares took place on the same day: an M6.8/2B flare (AR5395 at 0713 UT at N34W61) and an M4.1/2B flare (again in AR5395 at 1100 UT at N33W62). We adopted the later X6/2B flare (Table 3) as the shock progenitor on the basis of its larger X-ray classification, especially having noted that both candidate flares occurred at the same location. Since this shock propagated primarily in the anti-Mars direction, only a weakened flank, strengthened by Shock 5, may have reached Mars on 23 March (see Figures 3 and 4) . After this flare, only the rear eastern flank of the shock connected with Mars until Event V entered the simulation. IMF connectivity [Lario et al., 1998 ], enhanced by Shock 5's interaction with Shock 4, may have been responsible for the elevated low-energy (34-51 keV and 202 -609 keV) SEP fluxes visible in the particle record until the shock impact (ESP) recorded late on 21 March. This shock (P4) in Figure 5 is also indicated by jumps in solar wind speed and density.
[43] The last event (V) studied was an M3.1/1N flare that occurred on 20 March in a solar region in the southern hemisphere that had, rather recently, transited the east limb. Figure 3 , which shows simulations covering the period 8 -23 March, illustrates the propagation of Shock 5 and its subsequent arrival at Mars late on 23 March through a complicated interaction with Shock 4. An increase in the solar wind velocity and density; an increase in the magnetic field from 5 to 15 nT (seen in an expanded version, not shown here, of the magnetic plot) as well as the occurrence of a low-energy ESP recorded on 22 March, are suggestive of the actual arrival of the shock (P5). Note the proximity of the simulated shock arrivals, S4 and S5, to the actual arrival times of P4 and P5 in Figure 5 .
[44] A further large flare of importance X1.5/3B occurred late on 23 March (Event VI in Table 3 ) but, owing to the loss of the Phobos-2 spacecraft on 27 March 1989 and consequent nonavailability of relevant in situ particle records, this shock was not simulated (see also the footnote to Table 3 ). We believe, however, that it was responsible for producing a prompt SEP increase in the 30 -60 MeV proton intensities recorded by SLED shortly after flare onset (see Figure 5 , bottom panel).
Discussion
[45] We used prolonged Phobos-2 energetic particle SLED and LET measurements recorded at Mars during March 1989 as motivation for the simulation of a series of five solar-flare-related interplanetary shocks. The rationale underlying this activity was the question: since Mars was lagging the Earth by about 78°at this period, would flaregenerated shocks influence both planets in some way? Thus choosing five flares as the most likely shock progenitors, we attempted to ''calibrate'' the required HAFv.2 input coronal shock speeds by associating each flare with either an SSC or an SI, using as guidance data from IMP 8 when that spacecraft was not immersed in the magnetosphere of the Earth. Metric Type II radio bursts that normally provide initial estimates of such shock speeds were not available.
[46] Comparisons between the predicted shock arrivals and the gradual enhancements and flux peaks recorded in protons (particularly in the 34-keV and 206 -609 keV energy ranges), supported by plasma and magnetometer data, resulted in reasonably satisfactory matching. Shock 1 apparently provided the origin of a significant gradual enhancement (SEP) in the observed data. We are, however, uncertain of the flare source as noted in section 4. The simulated influence of Shock 2 appears to be appropriate to provide the source of another particle flux enhancement in the low-energy ranges 34-51 keV and 202 -609 keV.
[47] The simulated Shock 3 arrived at Mars during a data interruption due to Phobos-2 maneuvers. Thus no conclusion can be made concerning the role of Event III. Shock 4 appears to have been refracted around the Sun where it was later strengthened by interaction with Shock 5, thus giving rise at low energies to an SEP flux enhancement followed by a significant peak (an energetic ESP). This latter event may have been compounded and enhanced by the arrival of Shock 5 shortly after Shock 4 on 23 March 1989. Thus complications of this kind (see Figure 3) could easily be responsible for these two cases of simulated (S4 and S5) shocks being late by about 1 day when compared with the actual shock (P4, P5) arrivals.
[48] No further solar event simulations were made thereafter, since radio contact with Phobos-2 was lost on 27 March 1989. However, we infer that the SLED 30-60 MeV channel responded on 23 March to a fresh injection from close to the flare site of Event VI. It should be noted that the response of the Martian environment to this latter event may have extended the duration of significant particle radiation at the planet considerably beyond the 20 days already considered here.
[49] Summarizing, shocks from five major flares were simulated to hit both the Earth and Mars during the interval 9-23 March 1989. Four of these five shocks appear to have been satisfactorily associated with proton energy fluxes measured at Mars. The fifth occurred during a gap in the Phobos-2 data.
[50] The existence of such a long period of high-energy particle radiation, combined with the lack of an inhibiting (Earth-like) Martian magnetic field, means that both instruments and personnel involved in the exploration of Mars must be prepared for prolonged, energetic particle radiation events. The fortunate result of this study is that the HAFv.2 solar wind model is capable of forecasting the onset of such events. Some of the uncertainties associated with the present retrospective events, such as an uncertainty in making the correct flare-shock associations, would be reduced in a real time forecasting context. The procedure concerned was demonstrated, for example, by Fry et al. [2001 Fry et al. [ , 2003 .
[51] For biological relevance, the incorporation with event arrival predictions of information on the hardness of the spectrum of >20 MeV particles is required. The thickness of spacecraft shielding and of the Martian atmosphere, combined with the spectra and fluence of particles in the critical energy range will, then, constitute dominant factors in mission design.
[52] The above considerations demonstrate the usefulness of the HAFv.2 model in simulating the major global characteristics of propagating solar flare shocks generated in March 1989 and their probable influence on particle fluxes at Mars. While a statistically larger number of comparisons of this type should now be made, we can already suggest that predictions by the model can provide satisfactory estimates of shock arrival and particle flux enhancements at Mars with an approximately 4 day lead time (error about ±12 hours). In this way, both gradual SEP (solar energetic particle) and in situ ESP (energetic storm particle) events can be anticipated.
Conclusions
[53] Solar activity during March 1989 resulted in an enhanced high-energy particle background at Mars during a greater than 20-day period, as well as in the arrival during this interval of several travelling shocks. Comparison of predictions of shock arrivals at Mars using HAFv.2 simulations with in situ signatures recorded in high-energy particle, plasma, and magnetic field data show significantly correlated events at the Sun, Earth, and Mars. The prolonged particle radiation observed indicates the importance of providing space weather predictions for in situ observations of the close Martian environment.
